ADDITIONAL INDEX WORDS. canopy shaker, mechanization, Olea europaea, olive, trunk shaker SUMMARY. Developing mechanical harvesting is the most effective, and most difficult, factor in improving horticultural crop profitability. It requires simultaneous incremental changes by multiple entities; engineers, horticulturists, food scientists, economists, local extension personnel, the commercial harvester industry, growers, and displaced laborers and their management. There is a narrow annual testing window. The initial research by engineers and horticulturists focuses on developing effective removal technologies and can be applied or basic. When funding is local, the research is generally applied and is usually an adaptation of existing technology. With national funding, the research is basic or investigates novel technologies. Both are conducted first on model systems or individual plants. Properly executed, both types can be published, but publication is difficult if engineering parameters are changed during the trials. Evaluation of developed removal technologies requires cross-disciplinary teams to evaluate the effects on the final marketable product quality and long-term plant health. Publications can be produced on testing technology or effects on marketable product quality or plant health. An industry education program with field days, industry publications and websites, and annual presentations should frequently report progress. Finally, a prototype should be demonstrated to show the economic feasibility of a mobile platform with catching technology. The research team then expands to include the harvester industry and grower cooperators. Orchard adaptations to increase harvester efficiency are incorporated at this point. Usually by this time all research is applied and the funding local. If results demonstrate economic feasibility, the technology should now segue to the commercial harvester industry as university laboratories mostly lack the capacity to generate truly commercial harvesters. Publications could be delayed to avoid premature disclosure to make patents achievable and to facilitate cooperation between university researchers and commercial fabricators.
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T he strategy for developing mechanical harvesting of a crop comes from analyzing its technical, economic, social, and environmental aspects. However, the primary drivers are generally the unsustainable high hand harvest costs and lack of available labor, which threatens profitability and industrial survival. Specific objectives are to improve profitability and production technology, reduce worker occupational injury, and decrease reliance on an unreliable workforce, or a combination of the above. Succeeding requires a multidisciplinary team, simultaneously investigating different aspects of harvester development and efficiency, orchard management, and final product quality. Finally, financing from the local industry, national, or international organizations is needed. The cooperating researchers are engineers, horticulturists, food technologists, agricultural economists, producers, workers, and their representatives.
The academic engineer actively participates in both the development and education components of developing mechanical harvesting, particularly the final step, prototype development. From a university perspective, an agricultural engineer faces limitations in developing mechanical harvesting of a crop. Normally, national or international funding for research activities within a university is connected to scientific productivity, while private funding tends to be more closely linked to transferring knowledge, creating patents, and often is matched with public funding to promote an initiative. Also, continuing scientific publication may be delayed if patents are an objective. Generating data are difficult, particularly for tree crops, due to alternate bearing cycles and short harvest windows. Lastly, the difficulty in generating data is increased by the need to coordinate the research through the cooperation of farmers, manufacturers, and the university. Universities often do not have the capacity to fabricate harvesting machinery, and more often, the commercial orchards and the practical experience of harvesting to obtain a commercial comparison with hand harvesting. They definitely do not have a manufacturer's capacity to generate the final product. This article outlines, using olive (Olea europaea) as an example, the progression of research, extension education, and the funding required to conduct a mechanical harvesting development program from the point of view of a university and in collaboration with farmers, manufacturers, marketers, and their representatives.
Developing mechanical harvesting of olive
Olive growing is a symbol of agriculture, culture, and life in the Mediterranean. The olive grove is a defining element in the countryside, a factor in the conservation of soil, Colloquium flora, and fauna and a major component of the Mediterranean diet and culture (Gó mez-Limó n et al., 2012). Olive is one of the most economically important crops in Spain, producing 9% of agricultural production and income. Olive groves occupy 15% of the arable land in Spain, 2.6 million hectares, producing 47% of the world's olive oil (Ministerio de Agricultura, Alimentació n y Medio Ambiente, 2013). Over 74% are traditional dry land orchards planted at low tree densities (30-180 trees/ha) and have low yields (1.1 to 4.5 MgÁha -1 ). The trees have multiple trunks and wide canopies (Vossen, 2007) . The orchards are typically small, hilly and difficult to access, and expensive to harvest by hand ). The first significant harvesting technology investigations were done from the 1940s through the 1960s (Ferguson et al., 2010) . Since then, there has been little innovation in harvesting olive than the development of the high-density olive oil groves developed for mechanical harvesting with adapted vineyard harvesters (Gil-Ribes et al., 2009).
There is no universal solution for the mechanical harvesting of the widely different types of olive groves (Rallo et al., 2013) . The harvesting method depends primarily on tree training followed by orchard layout and size, cropping, slope of the land, and available workforce. The crop's low profit margins, until recently, precluded harvesting innovations. The solution is a simultaneous adaptation of the trees and the harvesting machinery for the existing and new groves (Ravetti and Robb, 2010) .
Currently, manual harvesting with poles is the primary harvesting method in Spain. The harvest efficiency is close to 95%, but its productivity at 15-25 kgÁh -1 per worker is low and expensive, averaging more than V0.2/kg (Rallo et al., 2013) . Incorporating hand-held machines improves productivity to 30-50 kgÁh -1 per worker and reduces the cost to V0.18/kg to V0.24/kg according to tree fruit production. However, the efficiency is highly dependent upon operator skill and cannot be considered a technique for mechanical harvesting as it does not eliminate the reliance on labor availability (Ferguson, 2006) . Currently, mechanical harvesting technologies used in multiple other tree and bush crops clamp or contact the trunk or canopy to apply direct vibration energy. These technologies have been adapted and developed for both table and oil olive groves. The process discussed here highlights the importance of the research done through public funding, regionally and nationally, and private funding by the farmer and commodity organizations and their representatives.
Short-term strategies
In the short term, developing mechanical harvesting is focused on adapting and improving the existing technology and harvesters; typically solving a specific engineering problem. The advantages of this approach are the reduced time required, 1 to 3 years, well-defined objectives, the ability to make progress for the associated industry, and opportunity for extension education and applied scientific publication. The funding support is generally from the commodity organizations, though national funding is possible. The creation of a prototype is not usually necessary. A good example is the adaptation of the trunk shakers used in bush and vine crops for table and oil olives (Ferguson, 2006) .
Trunk shakers, harvesters that clamp the trunk and shake the tree, are among the most widely used technologies for mechanical harvesting (Di Vaio et al., 2012; Farinelli et al., 2012) . Adapting trunk shakers to a new tree crop includes evaluating the tree architecture, canopy density, pruning, injury susceptibility, orchard density, and bearing habit. Also, factors as fruit weight, size and detachment force, and fruit displacement required, how to produce the required force in the tree, the appropriate trunk location to place to clamp, the force the clamp should apply, and the interaction of all these factors play a main role in harvesting process (Ferguson et al., 2010) . Determining the modal parameters of the olive trees allowed us to characterize its dynamic response to forced vibration (CastroGarcia et al., 2008) . With these results, the most suitable frequency ranges were established for shaking olive trees. The problems of local resonance and the ways in which the tree dissipated the energy transmitted to remove the fruit were both identified. Studying the machinery enabled detection and correction of problems with resonance and transmission of vibration in the harvester heads (Castro-Garcia et al., 2007) . Improving the harvester heads reduced the trunk damage and extended harvester life (Affeldt et al., 1988) . Direct measurement of the tree vibration process while adjusting the force applied was necessary to evaluate the tree and machine together, and for determining energy efficiency. Analyzing the process of the detachment and the fruit harvesting enabled us to make specific recommendations for harvester operation, shaking time (Blanco-Roldán et al., 2009), and vibration frequency (Sessiz and Ö zcan, 2006) . All harvesting methods must produce a marketable product. Production of high quality virgin olive oil requires harvesting at the appropriate time, and reducing fruit damage and postharvest storage time before processing (Clodoveo et al., 2014) . Harvest efficiency is the more important factor in developing harvesting machinery for olive oil production, while fruit quality plays a main role during table olive harvesting (Ferguson et al., 2010) . Lastly, it is important to assess postharvest fruit handling as this identifies the factors that reduce fruit quality during mechanical harvesting (Jiménez-Jiménez et al., 2013 Canopy contact systems, harvesters that apply a force vibration by rods directly into the bearing branches, were first developed for grape (Vitis vinifera), coffee (Coffea arabica), and citrus (Citrus sp.) (Ferguson et al., 2010) . These harvesters are now being adapted for the traditional widely spaced olive orchards (Fig. 1) (SolaGuirado et al., 2014) . Adapting olive trees for canopy contact harvesters required knowing the olive canopy's parameters, the tree's impedance to shaking (Savary et al., 2010) , the olive fruit's detachment force and trajectory, and the effect of all these factors on harvested fruit quality (CastroGarcia et al., 2009 ). The prototype shown in Fig. 1 was further improved with the addition of a catch frame, as shown in Fig. 2 . This second phase prototype harvester still has limitations of weight, size, and mobility. Continued development into a marketable harvester will require funding from manufacturers. Some countries, including Spain into the European Union, have a public/private approach designed to collaboratively create just such prototypes: ''pre-commercial procurement'' [PCP (European Commission, 2008)]. A PCP agreement allows simultaneous development of multiple ideas, in which the public purchaser does not reserve the research results for its own use. Both, private and public participants, assume the risks and benefits of research results to develop an innovative solution that outperforms other available options.
Medium-term strategies
Among the more common medium-term strategies for developing mechanical harvesting are adapting existing orchards and developing new orchards. The overall objective with both strategies is to increase final harvester efficiency, the percentage of fruit removed from a given tree and captured in the harvest frame, and harvest speed, the number of trees harvested per hour of operation, while maintaining fruit quality. In existing orchards, pruning, mechanical, hand, or a combination of both, can make the fruit more accessible, detachable, or captured in a catch frame (Peterson, 2005) . Developing new, more tightly spaced hedgerow orchards can achieve the same result with the added benefit of higher early yields due to higher tree density (Rallo et al., 2013) . Also, innovations in horticultural manipulations, trellising, fruit abscission agents, and mechanical pruning, can enhance harvester efficiency (Burns et al., 2005; Lavee, 2010) . This research also requires a multidisciplinary team and longer term funding. At least 4 to 6 years is required to adapt existing orchards as the effects of the different pruning practices on fruit yield and quality must also be demonstrated (Dias et al., 2012) . At least 10 years is required to develop new orchards. It is particularly important to incorporate an economic analysis from orchard establishment through production maturity.
Mechanical harvesting is adapted primarily because hand labor is too expensive or unavailable. Demonstrating that net return is maintained or improved with mechanical harvesting is necessary. Usually, the funding sources are commodity organizations and national, and rarely, intergovernmental organizations. Commercial harvester fabricators may join the research effort once the above studies are in progress or completed and provide continuing funding. At this time, new technologies are introduced and prototypes developed at the request of growers or marketers in collaboration with manufacturers. These developments generally generate applied research data for publication. However, the desire for patents by either the academic engineers or commercial fabricators shall be according to research agreement. Along with the research and development program, field demonstrations and annual presentations of the results are particularly important. As growers are exposed to the harvesters and adapted orchards, they begin to adapt to the concept and provide helpful feedback.
Long-term strategies
Long-term strategies for developing mechanical harvesting include major changes in the crop and introducing new harvesting technologies. From a tree perspective, improvement would include breeding or selecting trees with any factor that makes them easier to harvest (Ferrante et al., 2004) . Examples would be shorter trees with less dense canopies, fruit borne in a more easily harvestable position, fruit with lower detachment forces, or a flesh that was not susceptible to bruising (Peterson, 2005) . Tree improvement could also include grafting existing cultivars on rootstocks that produce the above changes in the scions. Breeding is how most major improvements in tree crops have been produced to date. However, tree improvement through traditional or molecular breeding is very long-term, requiring at least 20 years.
The introduction of new novel mechanical harvesting technologies is the second long-term strategy. Currently, these technologies are not only speculative, but possibilities clearly include harvesters that fly, harvesters consisting of separate but coordinated harvesting heads and catch frames, unmanned or remote control harvesters, and robotics. Sensors might control on the spot adaptations to individual tree parameters including crop load, position, maturity, and fruit temperature and moisture content.
These two long-term strategies have one constant in common with both short-and medium-term strategies: improvements in mechanical harvesting technology and tree type must progress in tandem. No successful development of mechanical harvesting of tree crops has been developed with either strategy alone (Peterson, 2005) . 
COLLOQUIUM Conclusions
Developing mechanical harvesting for horticultural crops is always difficult. It requires a coordinated multidisciplinary team, continuous close collaboration and an educational extension program, field days, websites, reference materials, test field, and feedback from farmers, laborers, marketers, equipment fabricators and funding bodies. Medium-and long-term strategies must be carried out simultaneously as profitability of the industry must be maintained in traditional orchards while simultaneously developing newer more potentially profitable orchards. Finally, mechanical harvesting research is difficult for academic agricultural engineers early in their careers as scientific productivity could be negatively affected; it is difficult to produce publishable data while responding to the changes required during field experimentation. Patents can compensate for publication but require significant time and investment to obtain (Dietz and Bozeman, 2005) . However, if successful, the development of mechanical harvesting generates new engineering and horticultural knowledge as well as increased production horticulture and profitability of the target commodities as well as that of the harvester fabricators.
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